This paper reports the isolation and chemical and biological characterization of exopolysaccharides produced by phytopathogenic fungi belonging to different genera and inducing various diseases on grapevine. Their role in the phytopathogenic processes is also discussed.
The involvement of extracellular polysaccharidic (EPSs) substances in bacterial and fungal diseases was described long ago [1] . In several phytopathogenic bacterial species, the production of EPSs was proved to be associated with water soaking of leaves and/or wilting symptoms in addition to playing a role in plant colonization [1] . The production of polysaccharides inducing phytotoxic effects was also reported for several fungal pathogens such as Cryphonectria parasitica [2] , Phomopsis foeniculi [2] and previously for Cephalosporium spp. [3] , Ceratocystis fimbriata [4] and Ophiostoma ulmi [5] .
Grapevine (Vitis vinifera L.) can be affected by different pathogenic fungi inducing severe disease symptoms on the different plant organs. Grapevine Trunk Diseases (GTD) are among the most important grapevine diseases in almost all areas where vines are cultivated. Brown wood streaking, Petri disease and Grapevine Leaf Stripe Disease (GLSD) [2] involved tracheomitotic fungal pathogens Phaeomoniella chlamydospora (Pch), Phaeoacremoniom aleophilum (Pal) and other Phaeoacremoniom species [2] . Since fungi do not colonize the leaves, it has been hypothesized that fungal metabolites, produced in the colonized wood vessels, can be translocated in the leaves causing the leaf symptoms appearance. Both Pch and Pal produce phytotoxic metabolites, as the two naphthalenone pentaketides identified as scytalone and isosclerone [2] , as well as high molecular weight EPSs, that were initially misidentified (using only HPLC analysis), as pullulans [6] .
Different fungal species belonging to the Botryosphaeriaceae family are known as cosmopolitan pathogens, saprophytes and endophytes on a wide range of woody hosts [7] . In recent years an increasing number of Botryosphaeriaceae has been associated to grapevine decline worldwide with several species causing dieback and wood cankers [8] . Their presence in affected grapevines was also reported to be related to foliar symptoms induction, resembling those observed in GLSD affected plants [9] . The capacity of Botryosphaeriaceae species to produce phytotoxic metabolites was recently reported [2, 10] . A bioassay-guided fractionation of culture filtrates of Diplodia seriata led to the isolation of four different melleins [2] . In another study, five Botryosphaeriaceae species, namely Botryosphaeria dothidea, D. seriata, Dothiorella viticola, Neofusicoccum luteum, and Neofusicoccum parvum, were shown to produce phytotoxic metabolites. All these fungi produced hydrophilic high-molecular weight phytotoxins with N. parvum which synthetize (3R,4R)-(-)-4-hydroxymellein, (3R,4S)-(-)-4hydroxymellein, isosclerone, tyrosol, (-)-terremutin; (+)-episphaeropsidone; (+)-(6R,7S)-dia-asperlin; and (-)-(R)-3-hydroxymellein isolated from N. parvum [2, 10] . Furthermore, a new cyclohexenone oxide, namely cyclobotryoxide, and characterized as (1S,5R,6S)-5-hydroxy-3-methoxy-4-methyl-7oxabicyclo[4.1.0]hept-3-en-2-one, was isolated, together with 3-methylcatechol and tyrosol [11] from Neofusicoccum australe associated with grapevine cordon and branch dieback.
To date, also different species belonging to the Lasiodiplodia genus were reported as grapevine pathogens [8, 12] . L. theobromae, the most prevalent and virulent Lasiodiplodia species affecting grapevine, is also able to produce a wide range of metabolites that showed different biological activities [13] . Results of a recent study conducted in several Sardinian vineyards affected by cankers and dieback, have led to the identification and characterization of nine different species of Botryosphaeriaceae from symptomatic grapevine tissues. Among these, a Lasiodiplodia strain, recently classified as Lasiodiplodia mediterranea sp. nov. [14] produced in vitro three jasmonic acid esters, named lasiojasmonates A-C, showing botryosphaeria dieback symptoms in Brasil, together with other Lasiodiplodia (as L. crassispora and L. theobromae) species previously reported on grapevine [15] . Regarding the production of phytotoxins, preliminary chromatographic and NMR investigation indicated that brasilian grapevine strains from four species: L. crassispora, L. theobromae, L. viticola and L. pseudotheobromae, produced jasmonic acid as the main metabolite. L. viticola produced in addition the trans-6-hydroxy mellein. (Cimmino et al., unpublished results). Instead no data has been reported thus far on the EPSs produced by these fungi, and their role in the induction of symptoms on grapevine diseased plant.
This manuscript reports the isolation and the chemical and biological characterization of the EPSs produced by Pch, N. parvum, and by the Brasilian strains of L. euphorbicola, L. egyptiacae, L. hormozganensis and L. pseudotheobromae. The EPSs produced by N. parvum, obtained by precipitation from ethanol of the aqueous phase of the culture filtrate consisted, on the basis of alditol acetate analysis, of mannose, glucose and galactose in a molar ratio of 8:2:1. Absolute configuration determination indicated the D configuration for mannose, glucose and galactose. Methylation analysis by GC-MS of permethylated sugar residues (with methyliodide in DMSO and NaOH), suggested the presence of 2,6-disubstituted, 2-substituted and 3-substituted mannopyranose residues in a molar ratio of approximately 8:6:1. The 1 H and 13 C NMR spectra showed six anomeric broad 1 H singlets at 5.31/100.9, 5.16/102.6, 5.13/98.6, 5.10/98.6, 5.06/102.7, 5.05/102.7 and two signals corresponding to not stechiometric amount of galactose and glucose at 4.99/100.0 and 4.64/104.0, respectively. The anomeric carbon signals can be assigned to terminal and/or 3-linked, 2-linked and 2,6-linked units, respectively [16, 17] . A heteronuclear 2D-NMR experiment allowed us to assign also the anomeric protons: the carbon atom at 102.7 is correlated with the protons at  5.06 and 5.16, that at  102.6 with the proton at  5.31, and that at  98.6 with the protons at  5.13 and 5.10. The data above, in agreement with literature [16] [17] [18] , suggested that the structure of the mannan has a backbone consisting of  (1→6)-linked mannopyranose units almost all branched at the 2 position, whereby the arms are made up of 2-and/or 3-linked units (Figure 1 left) .
The EPSs of Pch, obtained by precipitation with cold ethanol of the aqueous phase of the culture filtrate, consisted, on the basis of alditol acetate analysis, of glucose. Absolute configuration determination indicated the D configuration. Methylation analysis by GC-MS of permethylated sugar residues, suggested the presence of 4-substituted and 6-substituted glucopyranose residues in a molar ratio of approximately 2:1. The 1 H and 13 C NMR spectra showed two anomeric broad singlet at  5.4/93.1 (J = 3.7 Hz), 5.2/93.0 (J = 3.5 Hz) and one doublet at  4.4/96.8 (J = 8.0 Hz). The data above reported, suggested that the EPS is a glucan structure with a repeating unit consisting of three D-glucopyrone residues  (1→4)-,  (1→6)-and (1→4)-linked (Figure 1 right) .
The EPSs of L. egyptiacae, L. hormozganensis, L. euphorbicola and L. pseudotheobromae, obtained by precipitation with cold ethanol of the aqueous phase of the culture filtrates were preliminary analysed by 1 H and 13 C NMR spectra. Although still in mixtures, crude EPSs from L. euphorbicola and L. pseudotheobromae showed the presence of signals typical for anomeric and the ring protons/ carbons of carbohydrates [19, 20] . Unfortunately, the amount of crude EPSs obtained from precipitating 100 mL of culture filtrates was not sufficient to carry out extensive chemical analyses and spectroscopic investigation. EPSs from Pch and N. parvum tested on tobacco leaves did not produce any phytotoxic effect.
When assayed on detached grapevine leaves, after leaf immersion in the solutions containing the EPSs, those of Pch and N. parvum showed phytotoxic activity starting from 24h (N. parvum) or 36h (Pch). For EPSs from Pch a high degree of uniformity of symptoms was obtained in the 3 replicates for each tested concentration: high concentration induced withering and lower concentration reddening of the leaf blade ( Figure 2 ). For lower concentrations (from 0.1 to 0.75 mg/mL) symptoms fully developed in 4-5 days, unlike the concentration of 1 mg/mL after 2-3 days. EPSs isolated from N. parvum induced likewise reddening and withering of the leaves (Figure 2 ), but with less uniformity since the three replicates of each tested concentration developed symptoms at different times, as well as differences in the type of symptoms induced.
Four out of six leaves tested with a commercial mannan showed different types of symptoms (dried leaf margin, reddening of leaf blade or withering) that couldn't be referred to a particular tested concentration. No symptoms were recorded on control leaves immersed in sterile distilled water after 7 days. The results obtained testing the EPSs from Pch on detached grapevine leaves are in agreement with previous findings [2] and although the reddening of the leaf blade was not previously recorded, it could be related to the different grapevine cultivar used. EPSs produced by N. parvum were reported to be phytotoxic on tomato cuttings [2] . When tested on grapevine leaves they also showed to be phytotoxic similar to those of Pch. To date, it is still unknown how EPSs perform their toxic effect. However, the reddening and withering of leaves partially resemble symptoms observed on GLSD affected plants, and accordingly our results suggest a probable involvement of EPSs EPSs from the four Lasiodiplodia species tested showed phytotoxic activity on tobacco leaves (Figure 3) . Except for the EPSs concentration of 0.1 mg/mL that was not phytotoxic, starting from the concentration of 0.5 mg/mL, all the EPSs induced leaf necrosis. After 48 hours infiltrated leaf mesophyll become hydropic and after 72 hours the lesions become necrotic. Overall, the higher was concentration of EPSs, the greater symptomatic area of the leaf mesophyll. This result represents a good starting point for their further characterization. 
Preparation of exocellular polysaccharide (EPSs):
After lyophilization the culture filtrates of N. parvum was dissolved in ultrapure of Milli-Q water (300 mL), was brought at 5 °C and mixed with 5 volumes of absolute cold (-20°C) EtOH (1.5 L) and left overnight at -20°C. The resulting precipitate was collected by centrifugation (7000 rpm at 5°C for 45 min), dissolved in ultrapure Milli-Q water (300 mL) and precipitated again with absolute cold EtOH (1 L) as described above. After 24 h the resulting precipitate was collected by centrifugation as described above, dissolved in a minimal amount of ultrapure Milli-Q water (30 mL), centrifuged again as described above and dialysed (cut-off 3500 Da) for two days against a large volume of water. The content was lyophilized to yield the EPSs fraction (600 mg). The same protocol was applied to the culture filtrates of Pch obtaining crude EPSs fraction (1.0 g) and to Lasiodiplodia spp. (100 mL). L. egyptiacae, L. hormozganensis, L. euphorbicola and L. pseudotheobromae yielded the corresponding crude EPSs fractions (48.0, 12.8, 68.3 and 27.1 mg, respectively).
Purification of EPS:
The crude EPSs fraction (600 mg) obtained from N. parvum was applied to a Sephacryl S-300 column (Pharmacia, 1.5 × 90 cm) eluted with Milli-Q water at a flow rate of 65 mL/h; 76 fractions were collected and monitored by TLC. The fractions corresponding to the main single peak, containing carbohydrate as showed by specific coloration of TLC spots with H 2 SO 4 followed by heating at 100°C, were pooled and freeze dried (EPSs 19.0 mg, 3.8 mg/L). The crude EPSs fraction (1.0 g) obtained from Pch was applied to a Sephacryl S-300 column (Pharmacia, 3.0 × 90 cm) eluted with Milli-Q water at a flow rate of 65 mL/h; 95 fractions were collected and monitored by TLC, eluted with i-PrOH-H 2 O (8:2). The fractions corresponding to the main single peak, containing carbohydrate as showed by specific coloration of TLC spots with H 2 SO 4 followed by heating at 100°C, were pooled, freeze dried (EPSs 200 mg) and applied to a column of Sephadex G-50 (Pharmacia, 2.0 × 60 cm) eluted with Milli-Q water at a flow rate of 30 mL/h; The fractions corresponding to the main single peak, containing carbohydrate as showed by specific coloration of TLC spots with H 2 SO 4 followed by heating at 100°C, were pooled and freeze dried (EPSs 24 mg, 4.0 mg/L).
